We investigate a new bound on the low reheating temperature in a scenario where the Universe experiences early matter-domination before reheating after which the standard big bang cosmology begins. In many models of dark matter (DM), the small scale fluctuations of DM grow during the early matter-domination era and seed the formation of the ultracompact minihalos (UCMHs). Using the constraints on the number of UCMHs from gamma-ray observations, we find a lower bound on the reheating temperature between O(10) MeV − O(100) MeV for WIMP dark matter depending on the nature of DM. A similar bound could be obtained for non-WIMP dark matter by observing UCMHs gravitationally such as pulsar timing, microlensing and so on in some future observations. Introduction.-The early Universe is very well known for the temperature below 1 MeV. In other words, the reheating temperature of the Universe must be higher than this to be consistent with current observations such as big bang nucleosynthesis, cosmic microwave background and large scale structure.
Introduction.-The early Universe is very well known for the temperature below 1 MeV. In other words, the reheating temperature of the Universe must be higher than this to be consistent with current observations such as big bang nucleosynthesis, cosmic microwave background and large scale structure.
When the reheating temperature is lower than MeV, the neutrinos are not thermalized fully and do not have the Fermi-Dirac distribution. This changes the protonto-neutron ratio, then the abundance of 4 He, which sets the limit on the reheating temperature as T reh 0.7 MeV (or T reh 2.5 MeV − 4 MeV in the case of hadronic decays) [1, 2] . With this low reheating temperature the oscillation of neutrinos can affect the thermalization too [3] .
By combining with cosmic microwave background and large scale structure data, the lower bound on the reheating temperature can be increased [4] [5] [6] . From the recent Planck data, the lower bound was obtained as T reh 4.7 MeV when the neutrino masses are allowed to vary [7] .
The reheating of the Universe can happen in many situations in the early Universe due to the decay of heavy non-relativistic particles. Some examples include the decay of inflaton field after inflation [8, 9] or the decay of heavy long-lived particles such as curvaton [10] [11] [12] , moduli or gravitino/axino [13] [14] [15] [16] . The common feature of these reheating process is that an early matterdomination (eMD) by the decaying particles precedes the reheating period and subsequent radiation-domination.
When the reheating temperature is low enough, it is often the case that dark matter (DM) are already non-relativistic and decoupled from the relativistic thermal plasma. Since it is already decoupled and nonrelativistic, the density contrast of DM can grow linearly in the scale factor within horizon during eMD which is much faster than that in a usual radiation-domination * Electronic address: kiyoungchoi@jnu.ac.kr † Electronic address: tomot@cc.saga-u.ac.jp epoch. DM density perturbations in this kind of scenarios have been discussed in [17] [18] [19] . The enhanced perturbations then provide a higher probability to seed the small substructures such as ultracompact minihalos (UCMHs), which are expected to survive to the present time [20, 21] 1 . Therefore the determination of the present number of UCMHs can give clues to the early time of the Universe.
Up to now there is no convincing observation of small clumps of dark matter and this restricts the number of UCMHs in the Universe. The bound on the fraction of UCMHs in the total matter, which we denote as f , was used to put constraints on the primordial power spectrum in the literatures. The strongest one comes from the gamma-ray searches by the Fermi Large Area Telescope for weakly interacting massive particles (WIMPs), through the annihilation of dark matters [25, 26] . UCMHs can also be probed by purely gravitational methods such as the small distortions in the images of macrolensed quasar jets [27] with a constraint of f 0.1 for k ∼ 10 2 Mpc −1 , astrometric microlensing [28] with f 0.01 for k ∼ 10 3 − 10 4 Mpc −1 and the pulsar timing [29, 30] with f 0.01 for k ∼ 10 5 Mpc −1 , which might be observed in the future.
In this Letter, we suggest a new bound on the low reheating temperature, using the current and possible future constraints on the abundance of UCMHs.
Density perturbation during early matterdomination.-During the early matter-domination, the density perturbation of dark matter grows linearly with the scale factor, if they are already decoupled and non-relativistic. δ χ ≡ δρ χ /ρ χ for a Fourier mode k which enters the horizon during the eMD is given by
1 The formation of dense dark matter object in the RD era has also been investigated [22] [23] [24] .
where Φ 0 is the primordial gravitational potential and k reh is that for the mode which enters the horizon at the time of reheating. The wavenumber k for a mode which enters the horizon during the eMD is related to the scale factor a and the Hubble parameter H as
where a reh (a < a reh ) and H reh are respectively the scale factor and the Hubble parameter at the time of reheating due to the decay of non-relativistic heavy particle. The scale of reheating k reh has a relation to the reheating temperature as
where g * and g * s are effective degrees of freedom of relativistic species and entropy, respectively.
When the scale enters before the beginning of the eMD, then the linear growth is limited to the epoch of eMD as
where k dom denotes the scale which enters the horizon at the beginning of the eMD. For WIMPs, they could be still in kinetic equilibrium with relativistic plasma for temperature around between MeV and GeV and the growth might be prevented even during early matter domination. However recent study [19] shows that even in kinetic equilibrium, the subhorizon isocurvature perturbation can be generated during the eMD as [19] 
for the scales which enter the horizon during the eMD. However the density perturbations at small scales are suppressed due to the free streaming of dark matter. For super-WIMP case where DM interacts superweakly such that they are already kinematically decoupled, the freestreaming scale can be calculated as [8] 
where t eq is the time at the radiation-matter equality and t i is some initial time much before eMD. The scale factor a with subscript NR, dom, reh, and eq represent Mpc −1 where the free-streaming effect is negligible on the scale probed by the observations. Cases with k fs = 10 6 and 10 7 Mpc −1 are also shown with purple and blue lines, respectively. The orange regions is disfavoured by BBN and CMB observations. the time when DM becomes non-relativistic, the beginning of eMD, the reheating epoch and the time of the radiation-matter equality, respectively. Here we assume that super-WIMP becomes non-relativistic before eMD begins 2 . For WIMP, one can write it as [18] k
Mpc,
where t kd is the time of the kinetic decoupling of WIMP dark matter with mass m χ , which is assumed to occur after reheating. Here T kd is the temperature at t kd and we put the scale factor at present as unity a 0 = 1. DM fluctuations below this scale (i.e., k > k fs ) are suppressed due to this free-streaming effect, which can be taken into account by multiplying a factor exp −k 2 /2k can be detectable by gamma-ray and cosmic ray for WIMPs or by gravitational interactions in astrophysical observations, from which one can constrain the fraction of UCMHs in the total matter
where Ω m and Ω UCMH are the mass density of UCMH and matter in units of the critical density of the Universe. For WIMP dark matter, the Fermi-LAT can put bounds on f for scales from k ≃ 10 Mpc −1 to k ≃ 10 7 Mpc −1 which reaches as lowest as f > 4 × 10
at k ∼ 10 3 Mpc −1 for the annihilation cross section of σv = 3 × 10 −26 cm 3 s −1 of WIMPs into bb pairs [26] . One could also probe the abundance of UCMHs with gravitational ways such as pulsar timing, microlensing, small-scale distortion of macrolensed images [27] [28] [29] [30] which could constrain f in the future as
for the scale around k ∼ 10 2 − 10 6 Mpc −1 [27] [28] [29] [30] . These scales enter horizon around the cosmic temperature below T ≃ 100 MeV in the standard big bang Universe. This bound can be applied for any kind of dark matter forming UCMHs since the observations are gravitational.
Here we briefly describe the formalism to constrain the UCMH abundance and the reheating temperature. For details, we refer the readers to [26] . Observations can put bound on the fraction of UCMH mass in our galaxy, which can be given as
where f χ = Ω χ /Ω m with Ω χ being the density parameter of dark matter and z c is the redshift at which the structure formation starts and the growth of the mass is assumed to be halted. The factor (z eq + 1)/(z c + 1) corresponds to the growth of the mass by the infall of dark matter inside UCMH-forming region. β(R) is the probability of forming UCMHs for the region of comoving size R, which can be given by
Here σ 2 χ,H is the DM mass variance at horizon entry, which is calculated as
with W top−hat (x) = 3(sin x − x cos x)/x 3 being the top hat window function. Here the matter power spectrum P χ (k) has a relation to that for the curvature perturbation P R (k) as [26] 
with θ = kR/ √ 3 and T χ (θ) is the transfer function for DM.
The δ min (δ max ) is the minimal (maximal) δ of dark matter for the formation of the UCMHs eventually. The effect of the growth of DM density fluctuations is accommodated in the δ min . In the standard Universe, δ min ∼ 10 −3 and δ max ∼ 0.3. However due to the growth during the eMD, in our scenario δ min can be lower. To determine this, we follow the method in [26] with the modification to the transfer function in accordance with the evolution of δ χ given in Eqs. (1) and (5) . To be conservative, we require that the collapse happens before the redshift z c = 1000.
Since β ∼ exp(−δ min ) for small δ min , and δ grows as δ ∼ k 2 during the eMD, β (therefore f in Eq. (10)) is highly sensitive to the scale k. This means that the formation of UCMHs happens efficiently for a certain scale. When this scale overlaps with the scales constrained by observations, the production of UCMHs is easily constrained. That is the reason of the sharp boundary at k dom /k reh ∼ 5 in Figs. 1 and 2 .
Case for WIMP dark matter.-For the reheating temperature around GeV or below, the usual WIMP of 100 GeV mass is already chemically decoupled but they continue to be in the kinetic equilibrium until MeV. In this case, even in the kinetic equilibrium, the large isocurvature perturbation can be generated as in Eq. (5) and lead to the formation of UCMHs [19] . However the free-streaming of WIMP also erases the enhanced density perturbation and the formation of UCMHs on the scales smaller than k fs . From Eq. (7), the free-streaming scale of WIMP with mass 100 GeV and T kd = 1 MeV is k fs ≃ 1.3 × 10 7 Mpc −1 .
In Fig. 1 , we show the constraints on the reheating temperature from Fermi-LAT which is applicable to WIMP dark matter. The yellow region below the corresponding free-streaming scale is disfavored and gives the lower bound on the reheating temperature. The orange region is disfavoured by the BBN and CMB observations. For enough growth of density perturbation to be visible, k dom /k reh 5 is necessary.
Case for super-WIMP dark matter.-Super-weakly interacting massive particles are already decoupled for the temperature of our interest T O(1) GeV. Its famous examples include gravitino, axino, axion or righthanded sterile neutrino dark matter [31] . During the eMD, its density perturbation grows as Eq. (1).
Super-WIMP dark matter has too small annihilation cross section to give sizable signatures in the gammaray observations. Instead the future observations using gravitational methods such as pulsar timing, microlensing and so on can be used to constrain the abundance of UCMHs made of super-WIMPs. In Fig. 2 , we show the expected bound on the reheating temperature given that the bound on the fraction of UCMHs as f > 10 −6 , 10 −3 , 10 −1 at the scales k c = 10 6 and 10 7 Mpc −1 respectively. The lower right region below the lines would be disfavoured.
We can see easily that the bound mostly depends on the observational scales rather than the value of the lower bound on the fraction f . This is due to the exponential dependence of the probability to form UCMHs in Eq. (11) on δ min , which is proportional to k 2 . The primordial relic density of super-WIMP which have existed from before the early matter-domination is diluted by the entropy production due to the decay of heavy particles and a new component is produced during or after reheating. The final dark matter abundance is the sum of both contributions
where Y χ = n χ /s is the ratio of the number density of dark matter to the entropy density s = 2π 2 45 g * s T 3 . Y χ,1 is the abundance of dark matter produced before the early matter domination (for example, at reheating stage after inflation) and Y χ,2 is the new dark matter abundance produced after early matter-domination. Here S i /S f is the suppression due to the entropy production and in the sudden decay approximation it is given by [8] 
For gravitino or KSVZ axino, the dominant contribution comes from the highest temperature after reheating, which is denoted as T inf , and thus
where we used Y = α(T )T and ignored the logarithmic dependence of α(T ) on T . For the last equality we used T inf ≫ T dom . Therefore, in spite of the entropy suppression, the gravitinos produced before the eMD can be still dominant. For given gravitino and gaugino mass, the dark matter relic density requires
with α ≃ 7.4 × 10 −23 GeV −1 with gravitino mass of 100 GeV and gluino mass 1 TeV.
Note that, in this case there could be large scale isocurvature perturbation between dark matter (produced from inflaton) and radiation (produced from heavy decaying field) when the decaying field is independent on the inflaton field [32] [33] [34] . In such case, the super-WIMP dark matter is strongly constrained from CMB [35] and would be ruled out.
Case for non-thermal dark matter.-Dark matter can be produced non-thermally from decaying particles during reheating process. The evolution of the density perturbation depends on the velocity of dark matter. When the produced dark matter particles are relativistic, their fluctuations do not grow and there is no constraint on the reheating temperature. In the case of degenerate mass, the density perturbation of non-relativistic dark matter may grow [17] and the constraint on the reheating temperature can be obtained. In this case, its lower bound is similar to that of super-WIMP case in Fig. 1 . For dark matter of bosonic coherent motion such as the axion, they are already non-relativistic and the constraint in our study is applied [36] .
Case for light dark matter.-The light thermal dark matter with mass below MeV is still relativistic for temperature larger than MeV. Therefore there is no enhancement in their density perturbation during the early matter-domination and no constraint on the reheating temperature from UCMHs is obtained.
Conclusion.-The reheating process in the early Universe accompanies an early matter dominated era when the decoupled non-relativistic dark matter can have enhancement in their density perturbation. The growth of density fluctuations helps to form the UCMHs that can be probed by astrophysical observations. Using the current and possible future bound on the fraction of UCMHs, we could constrain the epoch of the early matter domination. Especially the reheating temperature can be constrained to be larger than around O(10) MeV − O(100) MeV for broad models of dark matter.
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